Endothelial regeneration after vascular injury, including percutaneous coronary intervention, is essential for vascular homeostasis and inhibition of neointima formation. Circulating endothelial progenitor cells (EPCs) have been implicated to contribute by homing and differentiating into endothelial cells (ECs). We tested this theory in a murine arterial injury model using carotid artery transplants and fluorescent reporter mice.
Introduction
Percutaneous coronary intervention (PCI) is a central therapy for ischaemic heart disease, 1 and local neointima formation (restenosis) and thrombosis after PCI remain important clinical complications. An intact endothelium impairs neointima formation 2 and protects against thrombosis, 3, 4 and efficient regeneration of the endothelium after interventional procedures is therefore highly desirable. 5 Many arterial injury experiments have shown that local proliferation and migration of endothelial cells (ECs) from adjacent non-injured endothelium is a central mechanism in endothelial regeneration, 6 -9 but several recent papers have suggested circulating progenitor cells to be an alternative source that may be exploited therapeutically to enhance endothelial regeneration. 10 -15 These putative endothelial progenitor cells (EPCs) are assumed to originate from both bone marrow (BM) and other, yet undefined, locations including possibly the peripheral endothelium. 16, 17 By augmenting the numbers of endogenous EPCs, 12 -14,18,19 injecting exogenous EPCs, 10,15,20 -22 or facilitating EPC homing to stent struts, 23 -25 researchers have been able to enhance endothelial regeneration and diminish neointima formation after vascular injury. The exact mechanisms involved may not be as straightforward as envisaged, 26 however, and clear evidence that circulating EPCs contribute to bona fide ECs during re-endothelialization is lacking. Recently, Tsuzuki failed to identify haematopoietically derived ECs in re-endothelialized areas after vascular injury in mice, 27 but whether progenitor cells of other origin may participate remains unknown. We developed artery transplantation techniques to track the progeny of circulating EPCs of both BM and non-BM origin in vascular lesions. Results from murine models of atherosclerosis and allograft vasculopathy were reported recently. 28, 29 In the present study, we
found that contrary to current theories, migration of arterial ECs from adjacent intact endothelium was the only source of cells involved in endothelial regeneration after endovascular injury in mice.
Methods
Please see the Supplementary material online for an Expanded Methods section.
Transgenic animals
Investigations conformed with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by the Danish Animal Experiments Inspectorate. All mice were fed normal chow. Transgenic TIE2-GFP [FVB/N-Tg(TIE2GFP)287Sato/J; homozygote], TIE2-lacZ [FVB/N-Tg(TIE2-lacZ)182Sato/J; hemizygote] and wild-type (WT) FVB/NJ mice were purchased from Jackson Laboratory, Bar Harbor, ME, USA. TIE2-GFP mice and TIE2-lacZ mice express enhanced green fluorescence protein (GFP) or bacterial b-galactosidase (b-gal), respectively, under the control of the endothelial receptor tyrosine kinase Tie2 (Tek) promoter which allows gene expression preferentially in vascular ECs. 30 
Study design
Mice of both genders were allocated into experiments as indicated in Figure 1 . First, to study migration of ECs from the flanking vasculature, wire-injured common carotid artery (CCA) segments from WT mice (8 -10 weeks of age) were transplanted orthotopically into TIE2-GFP mice (8-10 weeks of age) ( Figure 1 ). Mice were sacrificed at Day 1, 3, 5, 7, 10, or 28. Also, CCA segments from a group of 12 months old WT mice were transplanted into 12 months old TIE2-GFP mice and sacrificed after 7 days. The experiment in which mice were sacrificed after 7 days was also performed with TIE2-lacZ mice.
Next, to study the potential involvement of circulating EPCs as a source of the recipient-derived ECs, uninjured CCA segments were first transplanted from WT mice into TIE2-GFP mice (n ¼ 5) or from TIE2-GFP mice into WT mice (n ¼ 6) ( Figure 1 ). Then, 2 weeks later, mice underwent a second arterial transplantation, in which the inserted carotid segment was transected and a wire-injured WT CCA segment was inserted end-to-end ( Figure 1B ). Mice were sacrificed 4 weeks after insertion of the last graft.
Wire injury procedure
Donor animals were anaesthetized with isoflurane (5%) and buprenorphin (0.1 mg/kg sc) and the right CCA was flushed with 0.9% NaCl solution via cardiac puncture to the left ventricle. Then a hydrophilic-coated 0.35 mm (0.014 ′′ )-diameter flexible wire (High Torque Floppy w II Guide Wire, Guidant Corporation) was introduced through a small incision in the proximal CCA. To induce endothelial denudation, the wire was passed along the CCA and rotated while pulling back. This was repeated three times. The CCA was kept in 0.9% NaCl solution at room temperature while the recipient mouse was prepared.
Vessel transplantation procedure
The graft procedure was as described previously 31 except that heparin was not administered during surgery since this may stimulate the proliferation and migration of ECs. 32 Donor and recipient animals were anaesthetized with isoflurane (induction 5%, maintenance 1.5-2%) and buprenorphin (0.1 mg/kg s.c.). The absence of toe reflexes was checked frequently to secure adequacy of anaesthesia. The right CCA of the donor animal was flushed with saline via puncture of the left ventricle and kept in saline at room temperature. In recipient mice, the right CCA (or in some cases the previously transplanted artery segment) was divided after application of microvascular clamps, and the donor CCA segment was inserted between the two ends. Blood flow through the artery was confirmed before wound closure with a 6 -0 suture. Post-operative analgetics (Rimadyl Vet, 5 mL/kg sc repeated every 24 h for 3 days) were administered. . Second, to demonstrate the source of recipient-derived endothelial cells (EC), CCA segments were first transplanted from WT mice into TIE2-GFP mice (middle) or from TIE2-GFP mice into WT mice (right). Two weeks later, the inserted CCA segment was transected and a wire-injured WT CCA segment (*) was interpositioned. (C) Photo of the double-transplantation model 4 weeks after the second transplantation. The asterisk marks the wire-injured segment. 1 and 2 indicate the anastomoses from the first and second transplantation, respectively. CCA, common carotid artery; CCAT, common carotid artery transplantation; DA, distal anastomoses; PA, proximal anastomoses; WT, wild-type. 
Tissue processing

Immunohistochemistry
ECs were detected in serial sections and en face preparations using polyclonal rabbit anti-human von Willebrand Factor (vWF) antibody (A0082, Dako) or polyclonal goat anti-Vascular Endothelial Cadherin (VE-cadherin) antibody (sc-6458, Santa Cruz Biotechnology) followed by staining with Texas-red conjugated goat anti-rabbit secondary antibody (Jackson Immunoresearch) or Alexa Fluor 594 donkey anti-goat secondary antibody (Invitrogen). IgG from non-immunized rabbits (Rabbit IgG, X0903, Dako) or goats (Goat IgG, V0611, Vector) at the same concentration served as negative controls. Cell nuclei were stained using DAPI (Sigma). Sections were mounted in Slowfade Light Antifade (Invitrogen). For detection of b-gal, en face preparations were incubated at 378C for 18 h in PBS supplemented with 1 mg/mL X-Gal (Sigma), 5 mmol/L potassium ferricyanide, 5 mmol/L potassium ferrocyanide, and 2 mmol/L MgCl 2 .
En face confocal microscopy
En face confocal fluorescence microscopy (Zeiss LSM 510 META) was used to study the time course of re-endothelialization in transplanted vessels. Confocal z-stacks were acquired for quadratic tiles covering the entire endothelial surface of the wire-injured CCA graft with overlapping regions in the x-and y-directions chosen large enough to be able to stitch tiles together in Photoshop. Before stitching of tiles each z-stack was collapsed into one image by means of the maximum projection feature of the LSM acquisition software. The area of regenerated endothelium was measured using computer-assisted image analysis (ImageJ, National Institutes of Health).
Scanning electron microscopy
For scanning electron microscopy, en face preparations of CCA segments harvested 7 days after wire injury were placed in post-fixative tannic acid for 2 h followed by 1% osmium tetraoxide (OsO 4 ) for 2 h. The segments were then dehydrated in a series of ethanol solutions (50, 60, 75, 99, and 100%), dried using a critical point drying apparatus, and examined with a Novo NanoSem 600 Scanning Electron Microscope.
Deconvolution fluorescence microscopy
To examine whether circulating EPCs of BM or blood origin contributed to ECs in endothelial regeneration, serial longitudinal sections were analysed in an Olympus Cell-R widefield microscope system followed by software deconvolution. Briefly, widefield z-axis image stacks (31 layers spanning 10 mm) were acquired using the motorized focus and deconvoluted using a blind 3D deconvolution algorithm (Autoquant Deblur 9.3, Autoquant Imaging). A single optical slice through the centre of the section was analysed for the presence of GFP + cells. The phenotype of these cells was further analysed for cellular co-expression of the endothelial markers vWF and VE-cadherin. Differential interference contrast (DIC) microscopy was added to resolve cellular morphology. GFP was detected by its natural fluorescence, and the validity of GFP detection was confirmed against positive (TIE2-GFP) and negative (WT) control tissues.
Statistical analysis
To test for trend in EC regeneration over time, we used Cuzicks test. A P-value of 0.05 was considered statistically significant. The number of analysed EC profiles was counted to estimate statistical power, and a 95% confidence limit for the number of blood-derived ECs was calculated by the approximation to the Poisson distribution as ,3.0/number of observations. In addition to the mice listed in Figure 1 , further mice ( 1/3 of all mice operated) were vessel transplanted but not included in the study because their transplant was found to be occluded at sacrifice.
Results
Endothelial damage and regeneration
Complete endothelial denudation of the wire-injured CCA segments was confirmed by en face confocal microscopy in all mice sacrificed at Day 1 after transplantation into TIE2-GFP mice ( Figure 2 and Supplementary material online, Figure S1 ). No vWF + ECs were seen and the injury resulted in extracellular accumulation of vWF at the surface ( Figure 2 and Supplementary material online, Figure S2 ). Wire injury led to substantial neointima formation at Day 28 (Supplementary material online, Figure S1 ).
Regeneration front of ECs
The time course of re-endothelialization was evaluated by en face confocal microscopy of GFP + ECs. As expected, GFP cells co-localized with the endothelial marker vWF (Figure 2 ). Endothelial regeneration was first seen at the anastomosis sites 3 days after transplantation and then evolved towards the centre of the injured area as a sheet of cells orientated parallel to the direction of blood flow ( Figure 3 and Supplementary material online, Figure S3 ). An altered EC shape was seen within the regenerating zone with the EC density being greater than in the flanking vasculature. No isolated patches of regenerating ECs were observed in the centre of the graft at any time point. A statistical significant trend in re-endothelialization over time (P-value of ,0.001) was seen and the injured vessel was completely re-endothelialized after 10 days. The direction of blood flow appeared to influence endothelial regeneration, in that the regeneration was faster from the proximal anastomosis. When CCA segments from 12-month-old WT mice were transplanted into TIE2-GFP mice of similar age, the size of the area of re-endothelialization was similar to that seen in young mice and therefore did not seem to be affected by age ( Figure 3B) . The migration front of ECs at Day 7 was further visualized by scanning electron microscopy ( Figure 4) .
To confirm our results in relation to previous contrasting studies performed in TIE2-lacZ mice, 12, 13, 15, 33 we analysed WT wire-injured CCA segments 7 days after transplantation into TIE2-lacZ mice. When staining for b-gal, we found a clear re-endothelialization front of ECs similar to that observed in TIE2-GFP mice ( Figure 5) . Notably, a scattered distribution of b-gal + cells was observed in the portion of the graft still devoid of endothelium. A cross-section, however, revealed that these b-gal + cells were not located at the Role of EPCs after arterial injury luminal surface but were ECs in the adventitia probably belonging to microvessels ( Figure 5B and C).
ECs originate entirely from the flanking vasculature
The time series studies indicated that proliferation and migration of adjacent ECs is the main mechanism in endothelial regeneration. To examine whether circulating EPCs of BM or other origin also contributed to the regenerated endothelium, we interposed segments of non-fluorescent WT CCAs between the wire-injured segment and the TIE2-GFP recipient (n ¼ 5) ( Figure 1B, middle) . In this experiment, ECs originating from the adjacent uninjured vasculature are nonfluorescent, while those potentially homing from the circulation would be GFP + . We found that the wire-injured segment was fully re-endothelialized after 4 weeks seen by the presence of a continuous lining of vWF + ECs in serial sections. However, not a single GFP + cell among the regenerated ECs was detected. To estimate the statistical significance of these data, we counted the number of ECs that we had analysed for GFP expression in our sections by staining for vWF (581 vWF + cells analysed, Figure 6 ) or VE-cadherin (605 VE-cadherin + cells analysed, Figure 6 ), yielding a combined 95% confidence interval for the true contribution of circulatory EPCs of below 0.25%. To assure that our negative result was not due to low sensitivity for detecting GFP + ECs, we analysed CCAs in positive control TIE2-GFP mice (n ¼ 6), and found that almost all vWF + ECs were GFP + [506 of 508 (99.6%)], whereas no GFP + cells were detected in negative control WT mice (n ¼ 6) ( Figure 6 ). Our data shows that direct migration of ECs from the flanking vasculature was the source of regenerated endothelium after wire injury, and we attempted to visualize this cell migration directly by interposing TIE2-GFP CCA segments between the wire-injured grafts and recipient non-fluorescent WT mice (n ¼ 6) ( Figure 1B , right). We found, however, that ECs in the TIE2-GFP flanking segments were lost after transplantation and a neointima had formed, suggesting that GFP may be immunogenic in the FVB/NJ strain. Of note, however, the loss of ECs in the flanking segments totally abolished endothelial regeneration after 4 weeks (Supplementary material online, Figure S4 ) corroborating our finding that circulating EPCs are not a source of ECs during endothelial regeneration.
Discussion
In the present study, we investigated the source of regenerated endothelium after complete endothelial removal by wire injury in mice. Using transgenic TIE2-reporter mice and a doubletransplantation model, we found that regeneration occurred exclusively through cell migration from the adjacent healthy vasculature with no contribution from putative EPCs circulating in the blood.
Circulating EPCs and arterial repair
Rapid re-endothelialization after vascular injury, including PCI, is essential for vascular homeostasis and inhibition of neointima formation and thrombosis. 5 For decades, the regenerating ECs were assumed to be solely proliferating and migrating ECs from the healthy endothelium next to the injury site. Recent experiments, however, have suggested that circulating EPCs of BM or other origin home to areas of endothelial denudation to accelerate re-endothelialization thereby attenuating neointimal hyperplasia. 10 -15,18,20 -22 Using BM transplants with GFP or TIE2-lacZ tagged donor cells combined with arterial injury models, several research groups have identified BM-derived ECs among the regenerated ECs in different mouse strains, including the FVB/N strain used in the present study. 11 -15 Furthermore, in a vein graft model, in which the graft endothelium is rapidly lost after transplantation, it was concluded that a major part of the vein endothelium was regenerated by circulating progenitor cells of non-BM origin. 33 Several concerns, however, are associated with the EPC theory. First, the theory is difficult to reconcile with classic studies of endothelial regeneration from the 1970 and 1980s which in great detail described how endothelial regeneration starts at the edges of the denuded area and evolves towards the centre. 6 -8 Second, many of the seminal experiments which claimed BM-derived EPCs to regenerate missing endothelium after arterial injury can be criticized for methodological inadequacies, 34 such as suspected unspecific immunofluorescence staining procedures, the use of unspecific EC markers, and uncertain co-localization of EC and tracking markers to single cells. It is indeed difficult to find compelling images of BM-derived ECs in the literature that are not amenable to alternative interpretations. Third, the contribution of putative non-BM EPCs has not been directly tested in an experiment until now. 
Endothelium regenerates as a front of ECs
Using en face confocal microscopy for GFP + ECs in wire-injured carotid segments inserted into TIE2-GFP mice, we confirmed the pattern of re-endothelialization observed in classic studies. 6 -8 Coherent sheets of endothelium gradually spread from the anastomosis sites towards the centre of the transplant until the injury site was completely re-endothelialized. This process was faster from the proximal anastomosis compared with distal anastomosis, as also previously described 6, 35 indicating an influence of the mechanical forces of blood flow. A scattered distribution of regenerated ECs has been reported as a supportive argument for a circulatory EPC origin of some ECs, 36,37 
Circulating EPCs do not contribute to ECs in arterial repair
The pattern of endothelial regeneration suggests, but does not prove, that ECs from the adjacent healthy vascular endothelium migrate into the injured area. The double-transplantation technique used in the present study is the first to document that this is actually the case and indeed the only source of regenerated ECs after arterial injury in mice. This technique allows a clear distinction between ECs arising from blood progenitor cells, irrespective of their source (BM or non-BM), and ECs migrating from the nearby healthy vasculature. When injured WT arterial segments were transplanted into TIE2-GFP recipients, the missing endothelium was regenerated with GFP + ECs as expected. However, when the injured graft was flanked by just small segments of non-fluorescent WT artery previously transplanted into TIE2-GFP mice, the presence of GFP + ECs in the regenerated endothelium was completely abolished. Whereas this is direct evidence that cells from the flanking vasculature re-endothelialize the injured artery segment, it does not rigorously show that the source is proliferating ECs. Since these cells are competent of both proliferation and migration 6, 35 this appears, however, to be by far the most likely scenario. Our findings do not address whether the cell populations referred to as EPCs in the circulating blood may influence endothelial regeneration by other means than by differentiating into ECs. Several papers have reinforced the Role of EPCs after arterial injury conclusion that the so-called EPCs in the blood identified by surface marker characterization are in fact monocytes with angiogenic properties. 38, 39 Such circulating cells may act in a paracrine manner to promote endothelial regeneration by secreting signal molecules and angiogenic growth factors, such as VEGF, which enhance migration of mature ECs. 40 However, these cells are by definition not EPCs since they do not differentiate into ECs.
Methodology
Our observations are in consistence with the recent paper by Tsuzuki et al., 27 but conflicts with a number of previous papers in the field claiming the contribution of BM-derived ECs. Why different researchers have reached discrepant conclusions is not entirely clear. Many previous controversies in the progenitor cell field have relied on the failure to reach clear single-cell resolution, or the use of nonspecific cell markers or detection systems, and this can probably also explain part of the variable results obtained in the EPC field. 29, 34 One way of circumventing the absolute requirement for high microscopic resolution, which have been used widely in EC tracking studies, is to use reporter transgenes, such as TIE2-GFP or more commonly TIE2-lacZ. 9, 12, 13, 33 In this setting, however, cell type specificity of the TIE2 promoter and specificity of reporter detection becomes a critical issue. A particular concern with bacterial b-gal (LacZ) as the tracking marker is the fact that some, particularly senescent, cells not belonging to the EC lineage may possess enough b-gal activity to contribute to misinterpretations. 41 In our small substudy with TIE2-lacZ mice, however, we did not recognize such specificity problems. Interestingly, we did note that b-gal + cells in adventitial microvessels can easily be misinterpreted as arterial ECs if the artery is examined only en face by brightfield microscopy, and not in cross-sections. This is a competing explanation for apparently scattered ECs viewed en face in an injured vessel segment.
It cannot be ruled out that differences in the mode or severity of vascular injury may influence endothelial regenerative mechanisms. The present study involved a widely used procedure that causes moderate vascular injury, with complete loss of the endothelium and replication of vascular smooth muscle cells (SMCs). Others have used more severe forms of injury, such as electric injury, in which the whole vessel wall is destroyed. 42 In both models, the endothelium is lost, but differences in the exposed subendothelial tissue could potentially influence endothelial growth and putative homing of EPCs.
Immunogenicity of GFP
Immunogenicity of the jellyfish protein GFP in mice is strain specific. In BALB/c mice, GFP positive cells are eliminated by the immune system, but this is not the case in C57BL/6 mice. 43, 44 We observed that when
CCAs from TIE2-GFP mice were transplanted into WT mice, GFP + ECs were lost and a neointima formed indicating that also in this strain GFP is immunogenic.
Conclusion
In a murine model of mechanical arterial injury, circulating EPCs did not contribute to endothelial regeneration. Instead the endothelium regenerated with fronts of migrating ECs from the adjacent arterial segments.
Supplementary material
Supplementary material is available at Cardiovascular Research online.
